This study demonstrated the applicability of integrated cell culture-quantitative RTPCR (ICC-qRTPCR) for the simultaneous quantification of coxsackievirus, echovirus, and poliovirus in disinfection studies. Buffalo green monkey cells were inoculated with a 10-fold dilution series of mixed enteroviruses and incubated prior to qRTPCR quantification. Optimal assay conditions included three post infection washes and a 24-hour post infection incubation period based on successful differentiation between infectious and noninfectious viruses and significant and consistent viral replication rates. Ultraviolet disinfection studies were performed to validate the ICC-qRTPCR assay. Using the optimized assay, three-log microbial inactivation was achieved at UV doses of 30-44, 28-42, and 28-29 mJ/cm 2 for coxsackievirus B6, echovirus 12, and poliovirus 1, respectively. These results compare favorably to side-by-side assessments using conventional cultural techniques and values previously reported in the literature. This indicates that ICC-qRTPCR is a practical alternative for the simultaneous quantification of enteroviruses in disinfection studies.
INTRODUCTION
The enterovirus genus of the Picornaviridae family consists of more than 70 serotypes of small, non-enveloped, positive-strand RNA viruses (Hyypiä et al. 1997; Mohamed et al. 2004) . Enteroviruses, including coxsackieviruses, echoviruses, polioviruses, and numerically identified enteroviruses, are recognized as major human pathogens that affect almost every human organ and are associated with a wide range of outcomes ranging from subclinical manifestations to fatal poliomyelitis (Hyypiä et al. 1997) .
Polioviruses are perhaps the most widely recognized and well-studied of all viruses, being the first viruses propagated in tissue culture (Enders et al. 1949) . Considerably less is known about the occurrence, health effects, treatment, etc. are not yet regulated, but which have been identified as priority research targets since they are believed or known to occur in public water systems (USEPA 2009). One reason for the limited availability of nonpolio enterovirus data is that standard in-vitro cell culture methods used for the detection and quantification of infectious enteroviruses (including plaque assay (Dulbecco & Vogt 1954 ) and endpoint titration assay [tissue culture infectious dose 50% (TCID 50 )] (Hierholzer & Killington 1995) ) are expensive, time-consuming, and laborious (Reynolds et al. 2001;  assays cannot accommodate mixed enterovirus samples since the viruses infect the same cells and the resulting cytopathogenic effects (CPE) are generally nonspecific.
The advent of molecular techniques such as polymerase chain reaction (PCR) has revolutionized the detection of viruses. However, such techniques are unable to distinguish between infectious and non-infectious viruses (Bosch 1998) , which is vital in many environmental applications, including disinfection studies. Alternative techniques are being developed that take advantage of traditional in-vitro cell culture techniques for assessing cultural viability while simultaneously providing the sensitivity, objectivity, and time-savings associated with molecular techniques (Blackmer et al. 2000; Ko et al. 2003; Wang et al. 2005; Gerrity et al. 2008) . Integrated cell culture techniques are advantageous because they are: 1) quantitative; 2) able to assess cultural viability; 3) capable of simultaneously detecting and quantifying multiple viruses; and 4) rapid.
The objectives of this study were twofold. The first objective was to demonstrate the applicability of With the exception of adenovirus, UV has been reported to inactivate viruses with great efficiency (Hill et al. 1970; Ma et al. 1994; Meng & Gerba 1996; Gerba et al. 2002; USEPA 2006) . However, limited data is available for nonpolio enteroviruses. The method and data presented in this study contribute to a better understanding of the treatability (specifically disinfection efficacy) of coxsackievirus and echovirus.
MATERIALS AND METHODS

Cell culture and propagation
A continuous African green monkey kidney cell line (BGM, ATCC CCL-161) was maintained with regular subculturing in 1X Eagle's minimum essential medium (MEM) containing 5% fetal bovine serum (FBS). The 1X MEM was supplemented with 1.5 g/L sodium bicarbonate, 15 mM Hepes, 2 mM L-glutamine, 0.1 mM non-essential amino acids, 100 mg/mL antimycotic, and 100 mg/mL kanamycin sulfate. The cells were propagated and maintained using conventional in-vitro cell culture techniques (Freshney 1983; Fields et al. 1996) .
Viruses
Coxsackievirus B6 (Schmitt strain; ATCC VR-155) and echovirus 12 (Travis strain; ATCC VR-1563) were obtained from the American Type Culture Collection (ATCC).
Attenuated poliovirus type 1 (strain Lsc-2ab) was kindly provided by Dr. Charles P. Gerba at the University of Arizona. All viruses were cultivated using BGM cells. Virus stocks were propagated by inoculating the cells with a stock virus suspension of approximately 1 £ 10 6 TCID 50 /mL.
They were incubated at 378C until at least 90% of the cells were infected. Viruses were released from the cells using three freeze/thaw cycles (2 208C/208C). The cell suspension was centrifuged at 48C at 1,200 £ g for 15 min to remove cellular debris. The virus suspension was further purified and concentrated using two successive polyethylene glycol (PEG) precipitations, based on the procedure described by -Enriquez et al. (2003) . Briefly, the virus suspension was augmented with 9% PEG (MW 8000) and 1 M NaCl and was stirred overnight at 48C. It was then centrifuged at 48C at 8,000 £ g for 90 min. Thurston-Enriquez et al. 2003) . The supernatant containing the purified virus was titered using the Karber TCID 50 method, as described by Abbaszadegan et al. (2007) , and stored at 2 808C.
Thurston
Conventional cultural techniques
As a basis of comparison, UV inactivation of viruses was quantified using conventional cultural techniques in addition to the ICC-qRTPCR assay. The conventional TCID 50 endpoint titration assay was used to quantify coxsackievirus B6, echovirus 12, and poliovirus type 1. Additionally, a conventional plaque assay was used to quantify coxsackievirus B6. For the TCID 50 endpoint titration assay, BGM cells were grown in 24-well trays. Each UV sample dilution was used to inoculate four wells, using 0.1 mL of sample per well. The trays were incubated in a 5% CO 2 incubator at 378C
and were examined daily for up to 14 days for cytopathogenic effects (CPE) in the form of cell enlargement, rounding, and detachment. The Karber TCID 50 method was used to quantify the viral concentration of each sample, as described by Abbaszadegan et al. (2007) .
For the plaque assay, BGM cells were cultured to confluency in 25 cm 2 flasks. Each UV sample dilution was added at a volume of 1 ml to the cells. The flasks were incubated at 208C for one hour with gentle rocking every 15 min. After incubation, 4 mL of a 1:1 plaque assay medium (1X MEM supplemented with 2% FBS) 21.0%
agarose overlay was added to each flask. The flasks were incubated at 378C in a 5% CO 2 incubator for 48 hours.
The agar overlay was removed and the cells were fixed using ethanol and stained to allow visualization of plaques using a solution of 8.0% (wt/vol) crystal violet and 20.0% (vol/vol) ethanol in nanopure water.
Virus inoculation for ICC-qRTPCR
Immediately prior to experimentation, equal volumes of approximately 10 6 TCID 50 /mL of each virus were used to prepare the following mixed virus suspensions: coxsackievirus and echovirus, echovirus and poliovirus, poliovirus and coxsackievirus, and a mixture of all three enteroviruses.
The two-virus mixtures were used as controls to ensure that there was no cross-reactivity between the viruses and their specific primers and probes. The mixture of three viruses was used to prepare a 10-fold serial dilution in BDF water (6 dilutions at concentrations ranging from 10 6 TCID 50 /mL to 10 1 TCID 50 /mL of each virus).
Additionally, an inactivated control was prepared by exposing an aliquot of the mixed enterovirus suspension to a UV dose of 100 mJ/cm 2 . The inactivated sample was used to gauge the efficacy of noninfectious virus removal. 
Well harvest for ICC-qRTPCR
In an effort to optimize the incubation time, the wells were A qRTPCR standard curve was generated by plotting C T values against RNA standards prepared using serially diluted stocks of each purified enterovirus. The qRTPCR quantities were adjusted by a factor of 13 to reflect the viral concentration of the original sample on a per mL volume basis. This dilution factor reconciles the 1.3 mL harvest volume with the 0.1 mL well inoculation volume.
UV disinfection
The UV inactivation experiments were performed in duplicate using a bench-scale collimated beam apparatus containing a 15 W, low-pressure, mercury arc bulb (Model G15T8, USHIO, Cypress, CA), as described previously . The bulb emitted nearly monochromatic, germicidal light at a peak wavelength of 253.7 nm.
The average intensity of the UV light was measured using an IL1700 research radiometer with sensor SED005W and narrowband filter NS254 (International Light, Newburyport, MA). The adjusted average intensity for each experiment was approximately 0.13 mW/cm 2 . All exposures and dose calculations were performed as described by Ryu et al. (2008) .
Side-by-side assessments of the ICC-qRTPCR assay and 
RESULTS AND DISCUSSION
The satisfied these requirements, as described following.
Cross-reactivity controls
The three combinations of two-virus cross-reactivity controls were analyzed using all three qRTPCR primer/probe combinations. The controls satisfactorily demonstrated that the TaqMan probes designed for this study prevented cross-reactivity by amplifying only the target virus, thereby enabling the simultaneous quantification of the three enteroviruses. For example, the sample spiked with coxsackievirus and echovirus was positive using their respective primers and probes, but returned a negative result using the poliovirus primers and probe.
Noninfectious virus removal
The inability of molecular assays to assess infectivity has historically hindered their use in disinfection studies.
Using the ICC-qRTPCR approach, this difficulty was overcome by washing noninfectious viruses from the wells following a 1 h.p.i. infection period. The UV inactivated virus controls (no replication over a 24 h.p.i. incubation period, P . 0.05) were used to evaluate washing efficacy.
A single post-infection wash removed significantly more noninfectious viruses than no washes, and three washes removed significantly more than one wash (P # 0.05), but five washes did not significantly improve removal compared to three washes (P . 0.05). Accordingly, three post-infection washes were used in all subsequent experiments to improve the removal of noninfectious viruses prior to quantification.
Optimization of incubation time for virus replication
Traditional TCID 50 cell culture assays require up to two weeks of observation to ascertain virus infectivity (CPE formation). Plaque assays typically require at least 48 hrs of incubation prior to counting. In comparison, the typical enterovirus infectious cycle is approximately 6 -7 hrs, and newly synthesized RNA begins accumulating exponentially within the first 3 h.p.i. (Nugent et al. 1999; Wang et al. 2005) . The ICC-qRTPCR quantity of viruses detected increased for 4, 6, and 8 h.p.i. (Figures 1-3 ), but the increase was insufficient to confidently differentiate between the UV inactivated control samples and all spiking levels.
After 6 h.p.i., an approximate 1-log difference was observed between dilutions from 10 2 -10 6 TCID 50 /mL for echovirus and poliovirus. The initial virus spiking concentrations differed by 1-log (10-fold dilution series), so the approxi- This effect may be attributed to insufficient cell capacity in the 24-well trays. For the lower range of spiking concentrations, the virus-to-host cell ratio was relatively low, which allowed the average viral replication rate to remain relatively constant. Alternatively, for high viral loads, virus infection and replication may be limited by cell availability, thereby resulting in virus quantities leveling off.
As evidenced in Figures 1 -3 , samples expected to contain 10 5 TCID 50 /mL or higher can be diluted to 10 4 TCID 50 /mL or lower in order to avoid the leveling off effect of cell capacity limitations.
The number of viruses detected in the inactivated control was consistently lower than the ICC-qRTPCR results over a wide range of spiking levels at 24 h.p.i.
The inactivated controls represent the false positive detection limit, below which virus detection cannot be considered significant and cannot be used to calculate viral inactivation in disinfection studies. This false positive detection limit depends on experimental conditions and must therefore be included as an integral control for each independent experiment.
Applicability of ICC-qRTPCR for quantifying inactivation
The ultimate goal for the ICC-qRTPCR method is to provide an alternative approach for the quantification of infectious viruses, thereby enabling the simultaneous determination of relative inactivation of enteroviruses in disinfection studies.
This requires the quantification of relative inactivation, whereas absolute quantification is unnecessary. The data generated during the time optimization experiments was used to assess the applicability of the ICC-qRTPCR method for quantifying inactivation. For slopes not equal to one, inactivations calculated using the ICC-qRTPCR quantities differ from inactivations calculated using the initial sample concentrations. In this case, the regression equations generated using the ICC-qRTPCR standard curve could be used to relate the ICC-qRTPCR quantities to the virus concentration in the original sample.
This provides a more realistic characterization of the original sample.
With a slope near one (m ¼ 0.97), the difference between calculating inactivation using the ICC-qRTPCR values and the initial spiking concentrations (using the ICC-qRTPCR standard curve) would not be great for coxsackievirus.
However, for echovirus and poliovirus (m ¼ 0.72 and 1.27, respectively), discrepancies between the calculated inactivations may exist. Specifically, the inactivation calculated using the ICC-qRTPCR values would be greater than that using the initial spiking concentrations for echovirus and less for poliovirus since their slopes were , 1 and .1, respectively. This illustrates the need to construct an ICC-qRTPCR standard curve for use in the calculation of virus inactivation for disinfection studies.
Validation of ICC-qRTPCR using UV disinfection Figure 5 illustrates the ICC-qRTPCR standards for the three viruses in the independent replicate UV experiments.
Significant and consistent replication is evidenced by the approximate 1-log difference between the ICC-qRTPCR quantities for the different spiking levels (10 2 -10 4 TCID 50 / mL). Furthermore, the number of viruses detected in the inactivated stock (representing the false positive detection limit) was substantially lower than all of the standards.
As shown, the ICC-qRTPCR quantities for a given spiking level vary between experiments. Such differences may arise Meng & Gerba (1996) . Used an LP collimated beam to conduct experiments in sterile distilled water or activated carbon dechlorinated tap water. Viruses were quantified using the plaque assay in BGM cells. ‡ Ma et al. (1994) . Used an LP collimated beam to conduct inactivation experiments in TrisHCl-buffered water at pH of 7.2^.02. Viruses were quantified using the plaque assay in BGM cells. § Hill et al. (1970) . Used an LP collimated beam to conduct inactivation experiments in sterile estuarine water at 21.8 parts per thousand salinity and pH of 8.0. Viruses were quantified using the plaque assay in HEp-2 cells. The original virus concentration for each of the UV samples was calculated using the regression equations and used to determine viral inactivation. Figure 6 illustrates the extent of virus inactivation for the duplicate UV experiments. Linear regression curves (R 2 ranging from 0.66 to 0.90) were fitted to the data and used to calculate the UV dose requirements for enterovirus inactivation, as listed in Table 2 . Three-log inactivation was achieved at doses of 30-44, 28 -42, and 28 -29 mJ/cm 2 for coxsackievirus B6, echovirus 12, and poliovirus 1, respectively. The doses are similar to previous reports, as listed in Table 2 . The range of UV doses reported in this and other studies may arise from a variety of factors, including differences in virus serotype, microbial propagation/purification protocols, differences in UV setups and experimental procedures, and differences in quantification techniques. These inherent experimental differences produce a range of UV dose requirements for a target level of microbial inactivation.
The results of the side-by-side comparison of conventional cultural techniques and the ICC-qRTPCR assay for the quantification of enterovirus inactivation in UV disinfection studies are shown in Figure 7 . The ICC-qRTPCR assay consistently produced lower estimates of log inactivation compared to the cultural assays, which suggests that it provides a conservative estimate of disinfection efficacy.
CONCLUSIONS
ICC-qRTPCR was successfully applied for the simultaneous quantification of coxsackievirus, echovirus, and poliovirus.
Using the optimized assay, three-log microbial inactivation was achieved at UV doses of 30 -44, 28-42, and 28-29 mJ/cm 2 for coxsackievirus B6, echovirus 12, and poliovirus 1, respectively. These results compare favorably to side-by-side assessments using conventional cultural techniques and values previously reported in the literature.
To mitigate the potential limitations of cell capacity, several dilutions should be assayed for samples in which high concentrations of viruses are expected (low inactivation in disinfection studies). Specifically, samples expected to contain 10 5 TCID 50 /mL or higher should be diluted to 10 4 TCID 50 /mL or lower prior to assaying to ensure that the results fall within a more accurate range for the ICC-qRTPCR method. For disinfection studies, an
ICC-qRTPCR standard curve should be constructed and the resulting regression equations should be used to calculate the number of infectious enteroviruses and subsequent inactivation. Accordingly, serial dilutions of the virus stock should be assayed using ICC-qRTPCR to create a regression curve for each independent experiment.
As indicated by these results and those of the related study , ICC-qRTPCR provides significant benefits (objectivity, rapidity, sensitivity, etc.) and represents a practical alternative for the simultaneous quantification of enteroviruses in disinfection studies.
The integration of molecular methods eliminates reliance on the visual interpretation of results, thereby reducing subjectivity. Additionally, cell culture assays often require an entire 24-well tray and 2 weeks of observation for a single sample, whereas ICC-qRTPCR requires only a few wells per sample and 24 h.p.i. of incubation. Furthermore, conventional cell culture assays cannot accommodate mixed virus samples since it is not possible to differentiate between the CPE produced by different enteroviruses.
Alternatively, ICC-qRTPCR uses primers and probes designed with as much specificity as desired to simultaneously test and quantify enteroviruses. The results of this and similar studies will aid in building a database of microbial inactivation efficacy, which will ultimately impact water treatment processes and the associated regulations.
